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1) Introduction

2) ITER-1D computational benchmark

3) MCNP model of Cf-252 source in iron sphere
experimental benchmark (Sajo 1993)

4) Other Work
 U.S. FNSF (3-D and 1-D computational benchmark)
 |ITER 3-D computational benchmark
« JET experimental benchmark
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presentation, September 2019.

* L. Packer, A. Trkov, “FENDL Library for Fusion Neutronics Calculations, Summary
Report from the Consultants Meeting, IAEA report, INDC(NDS)-07609.

*T.D. Bohm, “The impact of ENDF/B-VII1.0 and FENDL-3.1d on fusion neutronics
calculations”, IAEA presentation, October, 2018.
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Introduction

* In the design of fusion reactors,
radiation transport calculations are
very important

* Both deterministic (Discrete
Ordinates) and stochastic (Monte
Carlo) methods are used

* These transport codes need to
have accurate cross section libraries

ITER

ITER Blanket (shield) Module @
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Important Fusion Neutronics Responses

* Neutron flux/fluence (neutron)
* structure, magnets
* Radiation damage/dpa (neutron)
« structural material, magnet degradation
* Helium production (neutron)
* re-weldability
* Tritium production (neutron)
* breeding, environmental concerns
« Radiation dose (neutron+photon)
* insulators, electronics, personnel echp (e

* Total nuclear heating (neutron+photon) f
- coolant system design, thermal stress, etc. for
structure, magnets

« Activation/shutdown dose (photon) |

* maintenance robotics, personnel
 waste disposal

ITER Shield Block
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Current D-T Fusion Experiments/Reactors 00

OYIND

D + T -> He-4 (3.5 MeV) + n (14.1 MeV)

JET (UK)

» 1983-present

* Rmajor:3 m

* VOl asma=100 m?
* pulse ~1 sec
°16 I\/I\Nfusion

ITER (France)

» under construction
¢ Rmajor:6 m

* VOl asma=840 m?

* pulse ~400-600 sec
500 I\/I\Nfusion




UW Neutronics Capabilities (3-D)

* DAGMC (detailed 3-D CAD based Monte Carlo transport)
» Transports directly in the CAD model (not a translator)
» Handles complex surfaces without simplification
» Couples to MCNP, Geant4, FLUKA, SHIFT, OpenMC
» Provides a common domain for coupling to other analysis
= http://fti.neep.wisc.edu/ncoe/ Z
» http://github.com/svalinn

« 3-D CAD model based analysis:

Non-uniform blanket

Uniform blanket

Divertor
Shield

ITER BMOS8

Nuclear heating mapped
to ANSYS mesh for
thermal analysis

Heating (W/cm3)
5
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http://fti.neep.wisc.edu/ncoe/
http://github.com/svalinn

data libraries for fusion applications

FENDL

» The Fusion Evaluated Nuclear Data Library (FENDL) is an international effort
coordinated by the IAEA Nuclear Data Section
« Assembles a collection of the best nuclear data from national cross section
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« ENDF/B (US), JENDL (Japan), JEFF (Europe), TENDL (EU),
RUSFOND/BROND (Russia)
* Process uses fusion specific experimental and calculational benchmarks to

evaluate the data

» Data available on-line

Hot Topics » ENDF/B-VII 1 - TENDL-2012 - JENDL-4 - IBANDL
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validation (Kopecky,

Validation (Sublet et al., |

3rd RCM (2011)

FENDL-2.1

FENDL-3.1d:

Fusion Evaluated Nuclear Data Library Ver.3.1d
Released on 24 January 2018
(Supersedes the version 3.1c from 19 September 2017)
(Supersedes the version 3.1b from 1 July 2016)
(Supersedes the version 3.1a from 17 September 2015)
(Since 15 Oct. 2015 only Sn-116 and Sn-117 ACE files were added)

Nuclear Data Libraries for Advanced Systems: Fusion Devices

Participants of the Technical Meeting in October/November 2007 (INDC(NDS)-0525) defined the objective of the CRP, which
was to update and extend the FENDL-2.1 library to make it applicable to both fusion devices such as ITER and DEMO and to
material test facilities such as IFMIF. The extension required the addition of several materials, an extension of the energy range
to higher energies and the addition of data for charged particle-induced reactions. Special attention was needed to ensure
realistic covariance data that would make the library suitable for all fusion technology studies. The reports of the three RCMs
are available (INDC(NDS)-0547, INDC(NDS)-0567 and INDC(NDS)-0602) as well as the summary documentation of the
FENDL-3.0 library (INDC(NDS)-0628). A summary of the contributions by participants in the CRP is given in INDC(NDS)-0645

WARNING
FENDL-3.1d: The only change is the substitution
impact on any transport calculations is expected

pes k-40 and k-41 with TENDL-2015 for consistency. No

WARNING
FENDL-3.1c: An extensive validation exercise by R, Grove from ORNL revealed a prol

em with the k-39 data, The

origin of is as

fallows, At the last RCM Mzeting on FENDL a brand new resonance evaluation was announced by the evaluator and
recommended for inclusion in FENDL and TENDL. The TENDL team prepared a quick update, and this modified version was used
for FENDL-3.1. The a mentioned resonance file was later rejected and did not make it into TENDL-2015, but the information

was not conveyed to FENDL. The QA procedures at the 1AEA were designed to trap processing errors, but the error in the
source evaluated data file slipped through. We apologise for the inconvenience

The K-39 data from TENDL-2015 were processed and the relevant files were uploaded. The
FENDL-3.1c. Except for k-39, no other changes were made

cted library is labelled

FENDL-3.1b: Due to an error in setting up the processing sequence the uncorrected version of the source ENDF files was used
in the version FENDL-3.1, released 1-st July 2015. The source data were rected and essing the whole library was
repeated, complete with QA procedures, and is labelled FENDL-3.1b for uniqueness of identification. A few additional problems
processing FENDL-3.1 evaluated data were noted, but mostly they had been resolved, or else they originate the source
data and require updating the evaluated data files, They are not expected to affect the results of calculations.

are the MATXS files for Li-7, F-19 and Fe-57, The NJOY patch that forced Doppler-broadening over the entire
esonance range resulted in the low-threshold reactions being omitted the total. The ACE files were not affected.
Thn bug has been fixed. The files for these three nuclides are the only d\ffnrnncé between FENDL-2.1a and FENDL-3.1b

New in Version FENDL-3.1b
THE UNIVERSITY
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Source of FENDL-3.1 Data @

* 65/180 isotopes in FENDL-3 come from the ENDF/B-
VII.1 library

« See Table 1 in INDC(NDS)-0628
* Some key isotopes for this work:

FENDL-2.1 |FENDL-3.1

H-1 JENDL-3.3 ENDF/B-VII.1
0-16 ENDF/B-VI.8 ENDF/B-VII.1
Cr-52 ENDF/B-VI.8 ENDF/B-VII.1
Fe-56 JEFF-3 JEFF-3.1.1

Ni-58 JEFF-3 ENDF/B-VII.O

Cu-63,65 ENDF/B-VI.8 ENDF/B-VII.O

TTTTTTTTTTTTT
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ENDF/B-VIII.O Data ox

* Major new release of the ENDF/B neutron library
* ACE formatted data for MCNP distributed by LANL
O https://nucleardata.lanl.gov
« Some key Isotope updates for neutron sub-library (see
Appendix A In reference* for comprehensive list):

* H-1,2, Li-6, B-10, O-16, Fe-54,56,57,58, Ni-58-62,64, Cu-63,65, W-182-
186, U-235,238, Pu-239

OYIND

*D.A. Brown et al., “ENDF/B-VIII.0: The 8" major release of the nuclear
reaction data library with CIELO-project cross sections, new standards, and
thermal scattering data”, Nuclear Data Sheets, vol 148, p. 1-142, 2018

1111111111111
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Goal of this work oo

» Look at the impact of using the updated neutron
Ibraries in a realistic model of fusion systems

» Libraries examined:

 Neutron:
1. FENDL-2.1 (21c)
2. FENDL-3.1 (31b, 31d)-current version 3.1d
3. ENDF/B-VII.1 (80c)
4. ENDF/B-VIII.0 (00c)

 Photon*:
1. mcplib84 (84p)

OYIND

» *Previous work has shown that mcplib84 produces results similar to the
newer MCNP eprdatal? library
» The latest MCNP photon library (eprdatal4) has not been tested yet

*Bohm T.D, Sawan M.E. “The impact of updated cross section libraries on ITER
neutronics calculations”, Fusion Science and Technology, Vol 68 p. 331-335, 2015.

10 Bohm CSEWG Meeting November 2019



* Based on an early ITER design
* Developed for the FENDL
evaluation process

« Simple but realistic model of
ITER with the Inboard and
Outboard portions modeled with
the plasma in between

* D-T fusion (14.1 MeV neutrons)
* Flux (neutron and photon), ]

calculated

...........................................

00000

—————

heating, dpa, and gas production |~

Plasma
region

M. Sawan, FENDL Neutronics Benchmark: Specifications for the

11 Bohm CSEWG Meeting November 2019
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ITER 1-D Cylindrical Benchmark continued

Plasma
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Previous Results: Neutron Flux %o%
)
1E -
g I ]
C_'C_) L Inboard Outboard M _
2 105 _M 1 21c=FENDL-2.1
N : W Plasma o —
0 i gl WY e P | 31b=FENDL-3.1b
% W T e | 31d=FENDL-3.1d
[ 1 f ol e f | ] 70c=ENDF/B-VII.O
& 1 80c=ENDF/B-VII.1
405J h 1 00c=ENDF/B-VIII.O
Z 095 : = - 84p=mcnp photon library
o i 31b+84p —— ]
= I 31d+84p
o 09 L B80c+84p —=— 7
Tt | O|Oc+84p — |
0 20 40 60 80 100
Cell Index

Max. relative error <0.26%

» With ENDF/B-VIII.0 (00c) see neutron fluxes up to 10% lower than FENDL-3.1
* In FENDL-3.1, Fe-56 and Cu data come from JEFF-3.1.1 and ENDF/B-VII.O
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Previous Results: Total nuclear heating %o%
1.08
1.06 Inboard Outboard 'b |
i TF Coil TFCol _agf™ i
1.04 Fteme ; -
i ‘\“.\ W Eéasmge W | )

1.02 | .

u.‘ hl i ?

Ratio of Heating (vs 21¢c+84p)

0.96 - N N |
g | , 31b+84p — | . |
0o . AL . 31d+84p —— )
il - ), B0c+84p —=—
/ 00c+84p —=—
092 : A . | L I | - | )
0 ;720 40 60 80 100
/
Valleys are in SS 316 Cell Index Max. relative error <0.27%

« With ENDF/B-VIII.0 (00c) see total heating up to 10% lower than
FENDL-3.1
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Isotope substitution study Qo:

» There is likely a deficiency in the XS data for the
structural elements in ENDF/B-VIII.0:

* A. Trkov, R. Capote “INDEN (Post-CIELO) °°Fe Evaluation”, presented
at IAEA FENDL Consultants Meeting, Oct. 2018.

» Repeat the ITER 1-D calculation with ENDF/B-VIII.O
neutron data, but replace certain XS with those from
FENDL-3.1d:

* Fe-56, Ni-58, Ni-60, Cr-52, Cr-53, Cu-63, Cu-65

»Results: these isotopes were the main cause of the
differences observed in previous work (for more detaills,
see the slides at the end of this presentation)

15 Bohm CSEWG Meeting November 2019



Replace 25056.00c w/ fe56e80X29r34 in ENDF/B-VIII.O %.%

Test a candidate replacement for fe-56 in ENDF/B-VIII:

11 L |
2 ' :
~ L Inboard Outboard J# i
[s0] s
4(_-) _"""\-u... ’M 7
a 1 . 05 _— W-“h‘ W Plasma Ny ::’:,-f __
) | TFCol o TF Cail |
= : Be B d :
o : ik i
= s e :
2 ; FENDL-31b —= | 1
5 095 FENDL-31d i |
-8 ENDF/B-VII.1-80c —=— 3 .
& ENDF/B-VIII.0-00c —— iy
09 L 00c+26056.31d ]
L | 00c+fe56e80X29r34 —— | .
1 1 | 1 | Il 1
0 20 40 60 80 100
Cell Index Max. relative error <0.26%

* We see the fe56e80X29r34 has a similar shape to ENDF/B-VIII.O
* We see the fe56e80X29r34 results does not show the large decrease in flux in

steel region
» We need to consider any Cu, Ni, and Cr updates to see the full impact
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MCNP model of Iron Sphere Benchmark Experiment -

O 3
> Encapsulated Cf-252 source in 25 cm iron sphere
CEsER—n= AT Yellow=iron (99.42 w/o Fe)
. 1/ M S 11 Blue=AlCu alloy (93.9 w/o Al)
Uy Pink=SS304
5000 - 7 VH \\ | / 2 VVVVV | G re e n — C f
’ ’ Energ:Bm Center?MeV) ’ * M = 1.4 ; ,_
E. Sajo, et al, “Comparison of Measured and Calculated E
Neutron Transmission Through Steel for a 252-Cf Source”,s |
Ann. Nucl. Energy Vol. 20, No. 9J)age 585-604, 1993 & 7§
, | 7 i
§ 14? ’ | g 1 5 A g
% x . Ei ‘ a
g 12.7— — I LICC;
A |1 —> 5 o8l s LR B
R 1 =z 1 :
ﬂ sl 1 § ENDF/B-VII 1-800 —— -
z [ I K r FENDL-31d-31¢c
ot e T 1 06 - ENDF/B-VIII.0-00c —=— |
¢ DE:_ ENDI‘/BVII\DOOEN?FS’SX(‘)I)I@QD&:_: I I | . EI\I‘DF‘/B—‘VI‘II‘OI—O‘O‘C+fe56e‘80X2‘9r3I4 f \:
1e-07 1e-06 1e-05 0.0001 0.001 0.01 0.1 1 10 100 I 0.01 0.1 1 10

— o - o —
Energy (Vit. J eupper MeV)

Energy (Vit. J eupper MeV)

« With FENDL-3.1d, we see highest fluxes in the E=0.4 to 5 MeV region
« With ENDF/B-VIII.0, we see lowest fluxes in the E=0.7 to 10 MeV region
» With fe56e80X29r34, we see results similar to FENDL-3.1d in the E=1.0-10.0 ,;d'ﬁ!

region, but not the big peak at E=0.7-1.0 MeV seen with FENDL-3.1d
17 Bohm CSEWG Meeting November 2019 WISCONSIN
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Other Work-FNSF Computational Benchmarking

»Need to test on fusion designs other than ITER
* use different structural materials and tritium breeding materials

« 3-D neutronics model of U.S. Fusion Nuclear Science Facility (FNSF)

TF SIC Coil T T T T T T
_ o = (Wat fill) 1
- 115 =
g’ \::e.wcﬂllh ]
§ 5 1.1+ 5“55 WC fil) _:
< o~ [ ]
| = L FW  Breed THshield ]
E’ 8 _g_, 1.05 - [L‘es"]ng - cc S WP ]
[ * [ Plasma ]
® E] L ]
= = s ]
c L 4
o L ~= 1
tructural s 095 _ _
hik g :
o 09 X ]
OB Shield = F
Vacuum Vessel * 085 r Total flux-31d+84p —=—
F Total flux-00c+84p —»—
08 i i I n I n I L L
0 2 4 6 8 10 12

Surface Index

* Developing 1-D model for rapid testing of nuclear data:

 Currently 49 radial zones
* Need to add shell plates for SR, VV, Ltshield
« MCNP materials created with PyNE

18 e Bohm CSEWG Meeting November 2019
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Other Work-ITER and JET o

 3-D partially detailed model of ITER: Tally IB TFC (W/cm3)

21c+84p 3.72074E-05

31d+84p 3.73618E-05 1.00
80c+84p 3.62283E-05 0.97
00c+84p 3.44389E-05 0.93

Blanket Shield Module Example: Nuclear heating in magnet

» Experimental measurement based benchmarking at JET:

"Prompt measurements
sShutdown dose rate measurements
= EU-US collaboration

Dose Rate (uSv/h)
50000
=100000
~10000

-1000
E]OO
EIO

DTE2 SDR results
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Questions

Questions?

(For those interested, there are more
details in the following slides)
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FENDL continued %

* FENDL-2.1 (71 elements/isotopes, 2003) is the reference
library for ITER
 FENDL-3.1 has been released with 180 isotopes and energies
up to 150 MeV for neutrons, protons, and deuterons
* Libraries available on-line:

* https://www-nds.iaea.org/fendi21/

*_https://www-nds.iaea.org/fendl3/
Source of FENDL-2.1 data:

OYIND

Nao. Library NMAT Materials
1 ENDF/B-VI.8 40 “HH.-"He ‘[ LD Be, BB 0 S Prs,
{E{)J J:L.‘JCL K;_ 5[:"52'54{_‘1: F-I.ﬁ?.SRFm 'w(:l]. e;J.-E._?_r.-LNil {JMFCLI.,
I‘.??Au‘ 206-208 Pb. HNBL JHI-IH.EH}\N
2 JENDL-3.3 18 'H, “He, “Na, *"Ti, ,"Mn, Mg ' TaV
(J33)
3 JENDL-32 3 Mg, Ca, Ga
(132)
4 JENDL-FF 4 “C, "N, Zr, "Nb
(JFF)
5 JEFF-3 (EFF) 4 *TAlL, *°Fe, P*Ni, “Ni
JEFF3
6 BROND-2.1 2 "N, Sn
(BR2)
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Ratio of Neutron Flux (vs 21c+84p)

1.1

1.05 |

0.95 |

0.9

Substitution Results: Fe-56

Inboard

Outboard

FENDL-31b —+—
FENDL-31d

ENDF/B-VII|.1-80c —=—
ENDF/B-VIII.0-00c ——

=

OYIND

00c+26056.31d
| 1

0 20 40 60 80 100
Max. relative error <0.26%

Cell Index
« With ENDF/B-VIII.0 (00c)+26056.31d, we see neutron fluxes more closely match
those of FENDL-3.1d until deep in the FW/Blanket Shield and nearing the VV
(Inconel shells) and TF coil (significant Cu content)
» Recall that the ITER 1-D benchmark is composed of alternating SS and water for
the FW/Blanket Shield, then a VV composed of an Inconel shell with water cooled

SSfiller. Cu is present near the Be layer and in the TF coil
292 Bohm CSEWG Meeting November 2019
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Substitution Results: Fe-56, Ni-58, Ni-60 %05
@
= 111 -
3 : o ]
+ L Inboard Outboard 5 4
° S Pttt -
N 1.05 - WW — w —
3 L TF (?oil Be Be TF (;oil
X i ' y i . '
9 L ¥
E ] z
Z 095 -~ FENDL-24 |
© i FENDL-31d
8 _ ENDF/B-VII.1-80c
T 09 L ENDF/B-VIII.0-00c —— b
l | 00c+31d 2?056,28058,2?060 |
0 20 40 60 80 100
Cell Index

Max. relative error <0.26%

* Now we see neutron fluxes more closely match those of FENDL-3.1d near the VV
shell (the large peak at the VV shell seen on previous slide is no longer present)
» We still see a large difference at the TF coil

THE UNIVER SITY
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Substitution Results: Fe-56, Ni-58, Ni-60, Cr-52, Cr-53, Cu-63, Cu-65 %.%

11 F —
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0 20 40 60 80 100
Cell Index Max. relative error <0.26%

* Now we see neutron fluxes closely match those of FENDL-3.1d (both near the FW
Cu layer and the TF coil which has significant Cu content)

T
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MCNP model of Iron Sphere Benchmark Experiment (%.%

» Measurements of neutron transmission in iron spheres from a
Cf-252 source were performed by the Czech. National Research
Institute (NRI) and the Skoda Company

» This work uses the r=25 cm sphere case described by E. Sajo.
» Some of this work was completed by an undergraduate student
as a project for the NE 506 Monte Carlo Radiation Transport class

|
I
|
|
I
I
|
1
'
|
H

Ctor Q

E. Sajo, et al, “Comparison of Measured and Calculated Neutron Transmission Through
Steel for a 252-Cf Source”, Ann. Nucl. Energy, Vol. 20, No. 9, page 585-604, 1993

Fig. 1. Experimental setup.
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MCNP model of Iron Sphere Benchmark Experiment %.%

» Modeled and calculated with native MCNP-6.2

» Encapsulated Cf-252 source with guide tubes in the iron sphere
» Used detailed dimensions, material compositions, and source
spectrum provided in the Sajo paper, (rsynere=25 CM)

» Results determined with a ring f5 (next event estlmator) taIIy at

20000

r=100 cm (position of measurement) z - [meRcs s —— |

15000 |

10000 |

Counts

5000 |-

Energy Bin Center (MeV)

Yellow=iron (99.42 w/o Fe)
Blue=AlCu alloy (93.9 w/o Al)
Pink=SS304

Green=Cf
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70c (ENDF/B-VII.0)
80c (ENDF/B-VII.1)
31c (FENDL-3.1d)
00c (ENDF/B-VIII.0)
fe56e80X29r34+00c

For the total flux:

1

0.9972
0.8547
1.0266
1.0164

1.0060
1.0201
1.0204
0.9929

1.0080
1.0722
0.8940
1.0575

*With FENDL-3.1d, we see the highest total neutron flux
« With ENDF/B-VIII.0, we see neutron fluxes closely match those of ENDF/B-VII.1

» With fe56e80X29r34, we see neutron fluxes slightly less than those of ENDF/B-VIII.O
(Recall this is essentially a 25 cm iron sphere with little other materials)

27
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E<01Mev E=0.1-1 MeV | E=1-10 MeV

1.0054
1.0105
1.0054

relative error negligible
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» Looking at the E=.01 to 10 MeV range:

« With FENDL-3.1d, we see lowest fluxes in the E=.01 to 0.1 MeV region and
highest in the E=0.4 to 5 MeV region

« With ENDF/B-VIII.0, we see lowest fluxes in the E=0.7 to 10 MeV region

» With fe56e80X29r34, we see results similar to FENDL-3.1d in the E=1.0-10.0 MeV
region, but not the big peak at E=0.7-1.0 MeV seen with FENDL-3.1d

 Recall this is essentially a 25 cm iron sphere with little other materials
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Future Work for Sajo Iron Sphere Benchmark

» Compare calculated neutron spectrum to measurements
performed by NRI and Skoda

« Calculations have already been completed (but not plotted)
* Note that these two measurements have been performed with
different energy group structures

» Other?
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